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1. INTRODUCTION

In recent years there has been a rapid growth in the use of neutrons as a
diagnostic tool in Industry, for example, for neutron radiography, non-
destructive isotopic analysis, biological and medical studies, calibration
and development of instruments for health physics and shielding studies.

Historically, it was the availability of intense neutron beams from nuclear
reactors that made these uses of neutrons practical as industrial tools, and
even today the vast majority of neutron beam test facilities are located at
large multi-purpose research reactors.

The steadily increasing industrial use has led to a demand for small reactor
and accelerator-based neutron sources with a growing requirement for these
sources to be on the manufacturer's premises. This is particularly true of
thermal neutron sources for neutron radiography1. Two of the important areas
of application for neutron radiography today are the testing of ordnance
devices and of nuclear fuels. In both cases transportation of the materials
to be tested is undesirable, expensive, and increasingly beset by controls.
Filtered neutron beams2 is yet another application which is becoming
increasingly important for investigation of biological effects of neutrons
and for measurements of cadmium, mercury and other poisonous elements in
human organs. Development of these techniques would create a demand for
neutron sources to be located at hospital premises for in vivo measurements.

Low energy charged particle accelerators provide an attractive approach to
in-house neutron sources. In the past, one of the main limitations of small
accelerators has been their relatively low beam currents, but recent develop-
ments in accelerator technology have provided orders of magnitude
improvement.

One of the promising developments in the high current accelerator technology
is the radiofrequency quadrupole (RFQ) structure . Recent tests at the Los
Alamos National Laboratory have demonstrated the superiority of this struc-
ture for low energy particle acceleration at low and high currents. At CRNL
the RFQ is being considered as an injector for the Accelerator Breeder4. The
development of this injector would make available a 100% duty cycle high cur-
rent proton accelerator with energy below 5 MeV that could be used for other
applications.

In this report we assess the feasibility of using a low energy high current
proton accelerator for neutron production. In particular we discuss the
merits of a neutron source for industrial use, herein called the CANUTRON,
based on a 2.5 MeV, 10-50 mA accelerator using the Li(p,n) reaction.

2. SOURCE PHYSICS

2.1 Neutron Source Strength

The threshold for neutron production from the 7Li(p,n) reaction is 1.88 MeV.
At Ep - 2.5 MeV and Lp - 10 mA the neutron yield from a thick

 7Li target
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is SxlO12^""1. The neutron spectral distribution is peaked at about 400 keV
with an end point at 790 keV.

Figure 1 shows a comparison of neutron yields from the Li(p,n) and some
other neutron producing reactions. At 2.5 MeV projectile energy the neutron
yield from the Li(p,n) reaction is lower than from the Li(d,n) and the
Be(d,n) reactions. However the Li(p,n) reaction produces primary neutrons
with lower average energy than the (d,n) reactions. This results in a higher
peak flux of thermal neutrons in the water moderator surrounding the target,
see Fig.2.

2.2 Thermal and Cold Neutron Flux

Because of the low energies of primary neutrons, a relatively small size mod-
erator is needed to thermalize the neutrons from the Li(p,n) reaction at
Ep » 2.5 MeV. Table 1 gives a summary of the calculated thermal neutron
fluxes, neutron absorption and leakage for spherical media of different
radii. At 10 mA, the calculated thermal neutron peak flux with an H20 moder-
ator is 2xl0llcm~ "s"1. For production of cold neutrons one could cool all
or part of the moderator. This would give a cold neutron flux of about
1.5*1011 cm~2«s~1. These fluxes are calculated for a point source placed at
the centre of the sphere.

2.3 Filtered Neutron Fluxes

Several nuclei have cross-section "windows" which provide relatively high
transmission for neutrons of certain energies, for example, 0 (2.35 MeV),
Si (144 keV), Fe (24 keV), Sc (2 keV) and 238U (186 eV). Most of these
nuclei have more than one cross-section window so that if the material is
used as a filter more than one neutron energy group is transmitted. Filtered
neutron beams are in operation at both reactor- and accelerator-based white
neutron sources throughout the world. In these facilities elaborate multiple
filtering techniques must be used to suppress all but the single group of
neutrons required.

The 7Li(p,n) source can be optimized for a clean single-group filtered neu-
tron beam by a judicious choice of the neutron emission angle at which the
filter is located and of the projectile energy. For instance at
Ep - 1.902 MeV, I- - 10 mA and 9n - 45° this source with a Fe filter
would provide a 24 keV neutron beam with a flux of 4xlO5 cm~2«s~1 at a
distance of 1 m.

2.4 Gamma-Ray Yield

The y-ray yield from the 7Li(p,n) neutron source would be an order of magni-
tude lower than from a fission neutron source. At proton energies from the
neutron production threshold to 2.5 MeV the Li(p,n) Be reaction itself pro-
duces almost negligible f-ray yield because of the' relatively high (2.4 MeV)
threshold for the population of the first excited state in Be. The decay of
7Be (half-life 53.4 days) produces 0.48 MeV y~ray with a branching ratio of
10.4%. This low energy y-ray can be filtered out or the build-up of
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the Be activity can be reduced by frequent replacement of the target which
would contain only 1 g of 7Li.

Some high-energy y-rays (Ey « 16 and 19 MeV) are produced from the
7Li(p,y)8Be reaction; however, the intensities are very low. Thermal neutron
capture in the Li target will form 8Li, which decays by 13 MeV 3", which
will produce bremsstrahlung radiation. However, because of the low thermal
neutron cross section of 7Li the net capture rate in the 7Li target will be
small. The major contribution to the y-ray field will no doubt be due to
y-rays from neutron absorption in the moderator and the structural materials.

The low y-ray yield in the 7Li(p,n)7Be reaction is the key to the production
of the highest available beam quality (maximum neutrons of energy required
with minimum contamination of y-rays and neutrons of other energies) for
real-time neutron radiography, see Section 4.2. Another advantage is that
the y-heating of a cold neutron source installed in a 7Li(p,n)7Be facility
would be small compared with a cold source in a reactor.

3. CANUTRON DESIGN CHARACTERISTICS

3.1 Target, Moderator and Shielding

In the CANUTRON the proton beam would impinge vertically on a liquid 7Li tar-
get. The target would consist of a layer of 7Li on a high conductivity metal
like Be. The heat would be removed by coolant circulating through channels
in the Be base. At Ep - 2.5 MeV, a

 7 U thickness of only 5 mg.cm"2 is
needed for maximum neutron yield; beyond this thickness the proton energy is
reduced below the reaction threshold. At 10 mA, the heat dissipation in a
5 mg.cm" thick Li target is only 6 kW. However, such a thin layer is
unlikely to be stable and, instead, a 7Li layer thick enough to stop the pro-
ton and dissipate the full 25 kW of beam energy is considered to be more
practical. In order to reduce the heat flux in the target we assume that the
proton beam can be spread over an area of "80 cm2. This would result in a
reduction of almost 30Z in the peak thermal flux at the centre of the tar-
get. Then with a water coolant flow rate of 0.5 kg.s"1 the Li target temper-
ature can be maintained below 400°C thereby keaping the Li vapour pressure
below 10~2 Pa*, see Figure 3. Details of the heat transfer calculations
are given in Appendix 1.

Alternatives would be to use a rotating target or a small continuous liquid
Li loop. These approaches would minimize the requirements of beam dispersion
and permit operation at higher beam powers.

The design of moderator and shielding would depend on the intended use of the
facility. For neutron radiography one could use a high density polyethylene
moderator cooled to liquid nitrogen temperature for a cold neutron source.
In general the moderator could be a sphere of radius «50 cm H2O or its equi-
valent with shielding of up to « 20 cm of Fb surrounding the moderator. The
y-dose at contact with the outer surface of the Pb shield will be about
10~5Gy (1 mrad) per hour and the neutron dose will be less than 10 Sv
(1 mrem) per hour.

* 10~2 Pa - 7.5 x 10~5 torr
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3.2 Accelerator

The recent development of a new accelerating structure for low velocity par-
ticles promises to revolutionize the technology of ion accelerators. The
radiofrequency quadrupole (RFQ), first proposed3 and tested5"7 by
Kapchinskii, Teplyakov, and others in the USSR has recently been the subject
of intensive development8 at Los Alamos National Laboratory (LANL). A suc-
cessful test8 of its operation in the pulsed mode was completed with the
acceleration of 38 mA of protons from 100 keV to a design energy of 640 keV,
using an rf frequency of 425 MHz. A continuous mode (cw) version of the RFQ
will be used as the initial accelerating structure for the Fusion Materials
Irradiation Test Facility9 (FMIT) being built by LANL for the Hanford
Engineering Development Laboratory (HEDL) in the United States.

Important features of the RFQ that make it attractive are (a) its ability to
provide strong radial focusing forces, (b) its facility for bunching (longi-
tudinal focusing), (c) efficient acceleration with a gradient of at least
1 MeV/m, (d) its high capture efficiency and (e) its acceptance of a low
injection energy. The last is perhaps the most important feature in the pre-
sent application because a low injection energy (as low as 50 keV) can be
utilized. In contrast to a typical 750 keV injector required for a conven-
tional low energy drift tube linac, the injector for an RFQ uses a much more
compact and economical power supply and column.

3.3 Layout

Figure 4 shows a possible layout for the CANUTRON. The accelerator would
consist of two components, a duoplasmatron ion source.with a 50 kV extraction
column and a 500 MHz RFQ structure. Overall dimensions exclusive of the beam
transport line to the target would be 0.5 m in diameter and about 4 m in
length. The source and column would require 1 m of this length. CW power
dissipation in the RFQ would be approximately 350 kW. An additional 25 kW is
required for the 10 mA, 2.5 MeV output proton beam. The rf power supply
would consist of a 500 kW cw klystron of the type used on the PETRA storage
ring10 at DESY (Hamburg) and which is commercially available from the VALVO
Company, Hamburg, West Germany. A single 500 kW klystron will be capable of
providing beam currents of up to 50 mA at 2.5 MeV, or up to 7 mA at 4 MeV.
The accelerator structure could also be mounted vertically to conserve floor
space and for easy access to all surfaces of the target moderator assembly.
The vertical arrangement might have some advantages for the proton source and
RFQ structure; however, an area with a ceiling height of at least 8 m would
be required.

The distance between the rf klystron and the accelerator can be increased
(for instance if the rf klystron and control electronics cabinet were mounted
outside a shielded enclosure) but should not exceed 50 m. Within a shielded
enclosure the accelerator structure is fairly flexible since the estimated
weight without local shielding is 0.5 tonnes.

During operation high energy electrons («»1 MeV) in the RFQ linac would produ-
ce a radiation field (bremsstrahlung) of about 10 Gy*h (1 rad/h) at a
distance of 1 m. If the accelerating structure were outside a shielded
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enclosure, local shielding weighing about 3.5 tonnes, would be necessary to
protect personnel, electronics and other components sensitive to radiation if
the rf klystron and control electronics are near the accelerating structure.
The spherical water moderator of radius 50 cm and the surrounding 20 cm thick
lead shield would weigh almost 12 tonnes. This shield would reduce the y~ray
field to about 10 Gy«h (10 rad»h~ ) on contact but for remote operation
higher fields may be acceptable which would reduce the amount of shielding
required.

4. INDUSTRIAL AND RESEARCH USE

4.1 Neutron Radiography

For adequate image resolution one requires an external beam with an angular
divergence of <0.01 rad. This limits the ratio between the beam collimator
length L and tFe collimator base diameter D to L/D J> 80. The beam intensity
at the target location is then In where

I - ( > ~
n 16(L/D)Z

and $(E) is the neutron flux at the base of the collimator. In the CANUTRON
source with 25 kW beam power, *(E) would be 2 x 10 cm «s .

The types of in-house neutron radiography sources required by industry can be
classified under three major user categories1.

a) Aerospace Industry. In the aerospace industry there is a need for a com-
pact and portable thermal or cold neutron source which can be moved to
large objects. In the USA, sources based on 3 MV Van de Graaff accelera-
tors with 0.3 mA current using the Be(d,n) reaction and a hydrogenous
moderator are gaining popularity. The peak thermal flux for such a
source is 2 x 10 cm »s . The CANUTRON facility, see Fig. 4,would in
principle be similar in size to a 3 MV Van de Graaff and would provide
almost 2 orders of magnitude higher neutron flux.

b) Ordinance. Neutron radiography has great advantage in detecting small
quantities of hydrogenous materials such as explosives, plastics, paper,
oil and water inside metal components. For this reason use of neutron
radiography for inspection of ordinance devices is growing. A neutron
source with a peak thermal neutron flux of 10 cm »s~ combined with a
collimation ratio of L/D J> 80 is most useful for this purpose. These
requirements can be easily satisfied with a CANUTRON facility.

c) Nuclear Power Industry. Quality-control and pre-irradiation inspection11

of newly fabricated reactor fuels can be done using the so-called direct
process with gadolinium converters and X-ray recording film within the
neutron beam. Neutron intensities at the object plane need to be near
10 cm *s . Thus a Li(p,n) Be source with a thermal neutron flux of
10 1 1 cm" 2^" 1 (E? - 2.5 MeV, Ip - 5 mA) combined with a collimating
ratio of L/D _> 80 would be most useful for such inspections.
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For neutron radiographlc inspections of irradiated reactor fuels, the
indirect process has to be used. Dysprosium converters are best for this
process, and neutron beam exposure times of not more than 1 hour would be
desirable. For these times to be achieved, the thermal neutron flux at the
object plane needs to be close to 10 cm «s , which requires a source with
a thermal flux of 1012 cm"2^""1 (Ep - 2.5 MeV, Ip - 50 mA).

However, since the dysprosium activation cross section follows the normal 1/v
relationship, comparable beam exposure times with a lower neutron source
strength ("2X1011 cm~2«s~1) should be achievable if the source neutrons were
cold neutrons. An added advantage is the better imaging of hydrogenous
materials such as hydrided sheath components and moisture films in defected
fuel elements cooled by light water during service.

Although not proven at present, a cold neutron beam should allow better
detection of failed elements from current CANDU power reactor fuel bundles.
These are cooled by D2O during service, so when defects occur deuteriding
rather than hydriding can occur to sheath components. Cold neutrons should
allow satisfactory imaging of these components, since the difference in total
neutron cross section between zirconium and deuterium increases significantly
with decreasing neutron energy from the thermal to the cold region.

Lastly, a cold neutron source would be much preferred over a thermal neutron
source for general application; the excellent radiographic contrast and reso-
lution afforded by a cold neutron beam have now 'seen well documented » .

A CANUTRON-type source could be placed in a shielded-cell facility at CRNL,
or above an underwater fuel examination facility to allow underwater radio-
graphic inspections. Either would greatly improve current procedures for
these inspections, which are used routinely at CRNL to sort defected fuel
elements from undefected ones, and to provide shielded-cell operators a radi-
ograph of elements that can be used for precise positioning of saw cuts for
metallographic sectioning.

At present, irradiated elements scheduled for neutron radiography at CRNL
must be loaded underwater in the Bldg. 204 bays into a shielded flask, then
transported by truck to the NRX reactor hall where the flask is inserted into
the radiographic facility using the building crane. The underwater handling,
trucking and crane operations are time-consuming, and radiographic inspec-
tions can only be done when NRX is operating.

Clearly, a radiographic facility attached to the shielded cell or underwater
bays would allow fuel inspections to be made independently of NRX and more
efficiently than now. Such a facility would be a 'first' in the world, where
current inspections of reactor fuel (both unirradiated and irradiated) rely
on the availability of a reactor source of neutrons.

Lastly, the CANUTRON source would find useful application in real-time neu-
tron radiographic inspections because of the low y-ray background. A suc-
cessful system for real-time thermal neutron radiography has been demonstra-
ted11* at the National Bureau of Standards, Washington. But the 10 MW NBS
reactor was the neutron source, and even with the heavy beam filtering used,
the gamma content of the beam increased unavoidably with increasing neutron
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intensity and reached 0.15 Gy«h (15 rad«h ) at 6x10 n»cra~ «s~ . Since a
Gd2<)2S(Tb) phosphor was used to produce a neutron image* the interference
background caused by the gamma content of the neutron beam was a serious
limitation to the system. Electronic integration of the neutron image will
probably be the next (expensive) step. The CANUTRON source would provide a
gamma background of « 3 x 10~3 Gyh""1 (0.3 rad'h"1).

4.2 Non-destructive Isotopic Analysis

There has been a rapid growth in the industrial use of the neutron activation
technique for non-destructive isotopic analysis of mineral, biological and
environmental samples.

A complementary technique, growing in popularity, is prompt (n,y) spectro-
scopy, with either an internal or an external target facility. For these the
CANUTRON source provides significant advantages over small reactors or radio-
active neutron sources. Because of the smaller size of the moderator and the
surrounding biological shield, a target station can be set at a shorter dis-
tance from the source providing higher beam intensity at the target. Also
internally irradiated targets can be rapidly transferred to a detector for
detection of short-lived nuclides. A collimator viewing a 5 cm diameter area
with a thermal flux of 1011 cm »s will give a beam intensity of
1.5xlO7 cm~2«s~1 at a distance of 1 metre from the CANUTRON source. This is
higher than available at small reactors outside the biological shield.

4.3 Biological and Medical Studies

Filtered beams of keV energy neutrons are used for calibration of health
physics instruments, and investigation of biological effects of neutrons .
Neutrons in this energy range also have many advantages over thermal neutrons
for the study of cadmium, mercury and other poisonous elements in human
organs.

Filtered beams from white neutron sources, such as reactors, contain secon-
dary peaks due to cross-section "windows" at higher energies. With a
CANUTRON source these secondary peaks can be eliminated by a judicious choice
of the projectile energy and the orientation of the filter in the moderator.

4.4 Fundamental Physics Experiment

The high yield of thermal neutrons, compact geometry and low background of
high energy neutrons and y-rays make the CANUTRON an attrac ti'~e facility
for an important fundamental nuclear physics experiment on parity violation
in the H(n,y)D reaction. If one could shield the 7Li target from thermal
neutrons to suppress the production of Li one would effectively reduce $~
activity, bremsstrahlung from which has been a serious source of polarized
photon background in reactor-based experiments on parity violation. The
CANUTRON source with 25 kW beam power would give a 2.2 MeV y-ray production
rate, due to the H(n,y) reaction in the water moderator, of about
7.8 x 1012 s"1, see the last column of Table 1. The small volume of the
moderator would provide a large solid angle for the y-ray detectors.
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An alternative might be to use the 9Be(p,n)9B reaction at Eg « 4 MeV with
7 mA current. The neutron yield would be the same as that from the
7Li(p,n)7Be reaction at Ep - 2.5 MeV with 10 mA current but there would be
negligible background from 3~ activity. (Thermal neutron capture in Be
produces 10Be which decays by 0.6 MeV B~ but with a half-life of 1.6xlO6

years.)

5. COMPARISON WITH OTHER NEUTRON SOURCES

Table 2 gives the characteristics of various facilities which can be used for
neutron radiography. The intensity of the external neutron beam from the
CANUTRON would be comparable to that from a reactor of about 1 MW power.
However, the latter could provide several external beams whereas the small
volume of the high flux region of moderator in the CANUTRON would limit the
number of usable external beams to about four.

Because of the smaller dimensions and negligible •y-heating of the CANUTRON
source, the whole moderator might be cooled to provide a cold neutron source
for neutron radiography. The compact moderator geometry would also provide
an increased beam solid angle for other industrial applications for which
good collimation is not essential, such as non-destructive analysis of short-
lived products by neutron activation or prompt (n,y) spectroscopy and fil-
tered neutron beams for biological and medical studies.

The principal advantage of the 7Li(p,n) reaction at 2.5 MeV energy is that it
provides higher peak thermal neutron flux than any other neutron source
reaction at the same current and energy, see Table 2. On the other hand the
liquid lithium target technology is not yet fully developed. Work in pro-
gress in connection with the 7Li(d,n) FMIT neutron source is expected to
rectify this situation.

6. - COST ESTIMATES

Preliminary estimates of the costs of a neutron source consisting of a
2.5 MeV proton RFQ accelerator with beam currents up to 50 mA are given in
Table 3.

7. CONCLUSIONS

The attractive features of the CANUTRON source are the smaller size of the
neutron moderator and biological shield and the low y-vay background from the
source. Also the low energy proton beam will not produce activation and
radiation in the accelerator structure. The peak thermal neutron flux avail-
able from the CANUTRON would be almost an order of magnitude higher than
available from any other low energy accelerator-based source of the same beam
power (see Table 2 and Figure 1). As a dedicated facility for neutron radio-
graphy or other industrial applications that require an external neutron beam
the CANUTRON source would provide beams comparable to those from a 1 MW
reactor but with more compact geometry and less y-ray and fast neutron
background.
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TABLE 1

Summary of calculated neutron fluxes and neutron leakages and absorption In a
H20 spherical media of different radii with a LI(p,n) point source
(Ep • 2.5 MeV, lp « 10 mA) of total neutron yield 8 x 10

12s-' located
at the sphere centre.

(H20)
cm

Thermal flux
at sphere
centre
cm »s

2.10 E 11*

2.14 E 1!

2.15 E 11

2.15 E 11

2.15 E 11

Neutron
Total

3.84

2.89

1.30

4.73

1.54

E 12

E 11

E 10

E 8

E 7

leakage
Thermal

2.34 E

2.59 E

1.23 E

4.60 E

1.51 E

12

11

10

8

7

Neutron absorption
Therma1

3.00

7.50

7.78

7.79

7.79

E

E

E

E

E

12

12

12

12

12

10

20

30

40

50

»2.10 E 11 » 2.10 x 1011
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TABLE 2

Properties of Some Typical Facilit ies for Neutron Radiography

Source

Type

Colllmator

Position

Flux at
Inner End of
Colllmotor
(c»~2»s~X>

Beam Characteristics
Intensity
(cm"2«s-1) L/D Ratio

Y-ray and
fast neutron

REACTORS*

Multipurpose
Research Reactor
> 20 MW

radial
tangential
cold source

10
10

2x10

14
13
11

10

1.3x10£

250
250
100

High
Medium
Lou

Radiography Reactor
<• I MW

radial
tangential

10
4x10 2.6x10°

250
100

High
Medium

CANUTRON

'Ll(p,n>

9Be(p,n)

2.5 MeV,

2.5 MeV,
4 MeV,

OTHER ACCELERATOR

Befd.n)
Be(Y,n)
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TABLE 3

CANUTRON Preliminary Cost Estimates* (1981 dol lars)

TOTALS
RFQ RF System

500 kW Klystron $ 250,000

Power Supply $ 210,000 $ 460,000

RFQ Accelerator $ 200,000

Injector & High Voltage Supply $ 190,000

Beam Transport $ 30.000 $ 420,000

Target Assembly

(25 kW) 7L1 on Be Base $ $10,000

Moderator Assembly J 5,000 $ 15,000

Buildings, Shielding, Cooling, Controls
and Instrumentation

Accelerator, Shielding Enclosure $ 45,000

Cool Ing, Instrumentation & Services J 130,000

Controle and Monitoring $ 85,000

Target Cooling Circuits $ 40,000 $ 300,000

Total $1,195,000

Elect r ic 1.5 MW 8 0.025/(kWh) $ 38/h

* does not include developments costs
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Figure 1. Total neutron production from thick targets as a
function of the projectile energy.
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Figure 3. Vapour pressure of lithium as a function of temperature.
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APPENDIX I

HEAT REMOVAL FROM 2.5 MeV Li(p,n) TARGET

by W.N. Selander

General Considerations

This Appendix contains an analysis of the problems of heat removal from
a Li(p,n) target which generates 25 kw of heat (2.5 MeV at 10 mA).
Initially this was intended as a preliminary feasibility study, but it
became clear that the heat transfer design could not be separated from
the problem of choice of materials, because of the high heat fluxes and
temperature gradients expected. Therefore, target geometry and materials
have been considered in more detail than would be normal in a preliminary
design, and various cooling arrangements are suggested which appear to
be achievable with conventional engineering methods. Beyond elementary
considerations, these designs have not been optimized, and further
analytical and perhaps development work would be necessary to finalize
target design. Similarly, thermal stress in the target has been estimated
by a simple formula, and while there appear to be no serious problems, a
more complete analysis would be required as part of an engineering
design study.

In addition, as indicated below, it may be possible to use a more
sophisticated and efficient cooling arrangement which appears to be
well-suited to this kind of target, but since it involves relatively
unfamiliar technology, further development work would certainly be
necessary to implement it.

Target Description

The target is a thin circular disc 0.1 m (10 cm) in diameter of lithium
mounted on a crucible or base which can be incorporated into the vacuum
envelope of the accelerator. The heat generated in the Li target by the
impinging proton beam is transferred by conduction through the base to
the coolant. The overall cooling required is not large, since the total
amount of heat (25 kw) is moderate, but some care must be taken in
design in order to limit the temperature of the lithium since the target
is small and the heat fluxes are correspondingly large.

Overall Heat Balance

Assuming a target power P = 25 kw, and water as a coolant (specific
heat C =4.19x10 J/(kg-K) at a nominal mass flow rate W = 0.5 kg/s, the
coolan? temperature rise across the target is

AT = P/WC = 25xl03/(0.5x4.19xl03) = 12 K
c p

This modest increase shows that coolant temperature variation across the
target is not significant and may be ignored in subsequent heat transfer
calculations, and that AT is not likely to be a limiting factor in the
choice of coolant flow rate.
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To accommodate this power, a once-through cooling system would probably
suffice. To maintain good chemical conditions, however, a cooling loop
and heat exchanger may be necessary, which would raise the mean coolant
temperature. In the following calculations a mean coolant temperature
of 30°C is assumed.

Target Base Materials

For the base of the target, a survey revealed several materials with
acceptably low thermal neutron cross sections (C.E. Coleman, private
communication, 1980). Thermal and mechanical properties further limited
the choice of materials and only aluminum, beryllium and zirconium, and
their alloys have been considered. Table Al shows the relevant properties.

TABLE Al

Properties of Candidate Materials for Target Base

Material

Cross
Section

mb

Thermal
Conductivity

k
W/mK

Thermal
Expansion

10"6/K

Young's
Modulus
E
GPa

Yield or
Tensile
Stress
MPa

Poisson's
Ratio
e

Be

Al

10

241

130

220

14

25

290

62

240

low
>200°C

0.03

0.33

Al alloy
75S

120 25 72 low
>200°C

0.33

Zr 185

Zr-1.5 wt% -
Sn (Zircaloy)

Zr-2.5 wt% -
Nb

21

14

18

551 @ 20 C
85 276 @ 400°C 0.37

(cold worked)

Notes: (1) For zirconium and its alloys, the above values represent
averages over temperature and metallurgical treatment.
The yield stress of Zr and its alloys in the annealed state
is roughly 50% of the above values.

6 i
(2) To obtain 10 psi from GPa or 10 psi from MPa, divide by =7
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Maximum Temperature Gradients and Thermal Stresses

The average heat flux across the target-base interface is

2 2
2=P/irR =3.18 MW/m (R=0.05,m«5 cm)

Whatever the arrangement of cooling channels in the base, the above flux
of heat will be conducted through some thickness of base material before
it enters the coolant. The maximum temperature gradients and thermal
stresses will occur in this area.

The maximum temperature gradient is

8T/3Z = Q/k

In a slab of depth Z, the resulting temperature difference is

AT = Z3T/3Z = Z Q/k

If complete restraint is applied along the edges of the base, so that
the target surface remains flat, the resulting stress is

a * aEZ(8T/3z)/2(l-e)

If no restraint is applied, so that the base is allowed to deflect
without stress, the target surface assumes a spherical curvature of
radius

The resulting maximum out-of-plane deflection of the target is given by
the approximate relation for a small sector of a circle,

n % R2/2r = ap/27Tk

Table A2 contains the above parameters for various thicknesses of Be, Al
alloy and Zircaloy, using the data of Table Al.
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TABLE A2

Temperature and Stress Parameters in Target Base

Thickness
Z,mm

1
2
5

1
2
5

1
2
5

AT,K

24.5
49.0
122.5

26.5
53.0

132.5

227
454
1136

O,MP

51
103
256

36
71
178

107
214
536

Material 3T/8Z n,mm
K/mm

Be 24.5 0.43

Al alloy 26.5 0.83
75S

Zircaloy 227.1 2.00

Remarks on Table A2

1. in practice, the target base will be neither completely restrained
nor completely free to expand, so that both a and n represent
upper limits.

2. Compared to the other two materials, aluminum alloy is less desirable
because of its poor strength, especially at temperatures above
200 C. Since target temperature and stress both increase with
thickness, relatively little leeway will be permitted in choosing
the thickness.

3. Zircaloy has the disadvantage of poor conductivity, only about
one-tenth of that of Al or Be, consequently high temperature
gradients limit the thickness of the sheet that can be used to
isolate the coolant from the lithium target. The values for Zr-2.5 wt%
Nb alloy (not shown) are about 20% better due to its higher
conductivity.

4. Beryllium is superior to the other materials on the three requirements
of temperature, deflection, and stress, and therefore should be the
first choice, provided other materials problems can be solved.

Target Cooling

The objectives in designing a cooling system for the target are to limit
the temperature and vapour pressure at the lithium-vacuum interface, and
to provide a stable coolant flow and temperature configuration without
dryout. The vapour pressure of liquid Li rises about tenfold for each
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temperature increase of 50 K above its melting point at 180 C. A maximum
Li temperature of 400 C has been chosen to limit the vapour pressure to
0.013 Pa (10 torr).

The heat flux at the target (3.18 MW/m ) is about three times as high as
CANDU fuel and roughly 50% higher than NRX/NRU fuel. This can be
accommodated by forced convection or by boiling heat transfer. Several
geometric arrangements to accommodate the heat flux at the base-coolant
interface were considered. The use of a wider base or a cooling fin
arrangement to decrease the heat flux were considered briefly but were
rejected as being unnecessarily complicated for the benefit obtained.
The "vapotron" principle, where the coolant is passed across fins or
ridges, and where the cooling mechanism is provided by the continued
formation and release of steam bubbles from between the fins, has been
used successfully in the cooling of commercial RF tubes at heat fluxes
approaching 20 MW/r» . However, this very attractive cooling method is
relatively unfamiliar and would require more detailed study and development
work.

The cooling arrangements that were considered in detail consist of
rectangular or round cooling channels formed in the base of the target
with heat transferred across the film from the base to the coolant
either by forced convection or nucleate boiling.

Case 1 - Rectangular Channels, Forced Convection

The sketch below shows a cross section of the channels.

Base

1

proton 1
beam 1 liquid Li

j layer;

cooling
channel
(axial
flow)

i

f J

t

Cross Section of Base Showing Arrangement of Rectangular Cooling Channels
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The ribs (sidewalls) of the channels are mainly to provide contact with
the bottom of the base, for stiffness, and to maintain small-scale
turbulence for heat transfer,- however, the heat transferred by the fins
will be ignored in these calculations, it being assumed that all heat
enters the top of the channel at a flux of 3.18 MW/m .

Overall considerations suggest that the design should attempt to limit
the temperature drop across the liquid film to z 150 K or less. Since
Q=hAT. this requires a surface heat transfer coefficient h greater than

21 kW/(m -K) . The coolant is assumed to be water at 30°C with the following
properties.

p (density) = 103 kg/m3

c (heat capacity) = 4.19X103 J/(Jcg.K)

k (thermal conductivity) = 0.616 W/(m-K)

y (dynamic viscosity) = 0.80xl0~ Ns/m

V (kinematic viscosity) = 0.80xl0~ m /s

Pr (Prandtl Number) = 5.43

Using the Dittus-Boelter correlation for tubes with an equivalent
diameter D , the heat transfer coefficient is

h = 0.023(k/D )fD v]0-8Pr0>4 = 2.1 V°'8/D °'2 kW/(m2-K)
e e

where V is the axial fluid velocity. This expression is relatively
insensitive to the choice of D . Setting D = 0.01 m (1 cm), a realistic
value, gives

h = 5.3 V0'8 kW/(m2-K)

2
which requires V = 5.6 m/s for a desired h of 21 kW/ (m >K)

Assuming D = 0.01 m gives roughly 10 channels since the base is 0.1 m
(10 cm) wxde. The resulting mass flow is

W = 107T D2 p V/4 = 4.4 kg/s (=60 IGPM)

The pressure drop along a channel of length L is estimated by the
formula

Ap = h (K+AL/D ) pv

where K = 1.5 is a combined entry and exit coefficient, and A~0.1 is a
wall friction factor. For E = 0.1 m (10 cm) there results

Ap = 3.9*104 N/m2 (*6 psi)
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It is concluded that forced convection cooling would require an unnecessarily
high mass flow rate although the pressure drop across the target would
not be excessive. In addition, if the surface (T ~ 180 C) were to be
kept below saturation, then a static pressure of 1 MPa ( 10 atmospheres,
or 147 psi) would be required in the system. Some improvement might be
obtained from a more detailed calculation, since the Dittus-Boelter
correlation used above tends to underestimate h, and no account has been
taken of the entry length effects in a short tube, or of tube roughness,
effects which tend to increase h for a given flow rate.

Case 2 - Rectangular Channels, Boiling Heat Transfer

Using the same basic geometry as in Case 1, lowering the static pressure
and coolant flow rate produces a combination of forced convection and
boiling heat transfer. In this case an appropriate formula for h is
(J.G. Collier, 1972, "Convective Boiling and Condensation", McGraw Hill)

h + hb

= 0.023 (k/D ) (D V/V)°'8 (Pr)°'4F
e e

k0.79 0.45p0.49

+ ° -°° 1 2 2
 y0.5 ^ . 2 9 H0.24 p0.24 (T» V < W

where the quantities have the same meaning as before and in addition

F and S are correction factors, F=l for subcooled boiling and
S depends on the Reynolds number, S-0.84 in this case

Y=surface tension at saturated steam-water interface

H=steam-water enthalpy change at saturation (latent heat of vapour-
ization)

p =steam density at saturation

T =wall temperature

T =saturation temperature of coolant at pressure P

P (T )=saturation pressure at wall.

s w "
In this case the total heat flux is given by

Q = hc (Tw - Te> + hj, (Tw - Ts) = <Q/A)c + (Q/A)b

where T is the coolant temperature (30 C).
c
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The quantities (T - T ) and (T - T ) are referred to as wall superheat
and channel subcooling, respectively. For a given heat flux, mass flow,
and static pressure, the value of T must be evaluated by iteration.

w
Using the values W = 0.5 kg/s,
and static pressures 0.172 MPa
and 75 psi) Table A3 results.

P, MPa

0.172
(25 psi)

0.374
(50 psi)

0.517
(75 psi)

V = 1.5 m/s, D = 0.00764 m (=
, 0.374 MPa ande0.517 MPa (25,

TABLE A3

Temperatures and Heat Fluxes in Subcooled Boiling

V c V c

116 165

138 182

153 193

(Q/A) , MW/m2 (Q/A>u
C D

1.04 2

1.17 2

1.26 1

0.764 cm)
50

, MW/m2

.14

.01

.92

Simpler correlations for boiling heat transfer confirm these values to
within a few degrees. The above table shows that surface temperatures
in an acceptable range (~ 180 C) can be obtained with lower pressures
and mass flows than required for forced convection.

The target heat flux must be kept at a safe margin below the critical
heat flux (CHF) for dryout. There is little experimental information on
dryout CHF which applies to the present situation. The correlation which
seems most appropriate (V.E. Doroshchuk et. al. (1975) "Recommendations
for Calculating Burnout in a Round Tube with Uniform Heat Release",
Teploenergetika Vol. 22, pp 66-70) predicts a CHF of = 12.4 MW/m , roughly
four times the average heat flux. The heat flux will, of course, be peaked
at the centre of the target in proportion to the beam density peaking. The
beam is expected to be fairly steep-sided with a peak-to-edge density ratio
of approximately 2 (S.O. Schriber, private communication, 1981) and the
peak-to-mean ratio will be roughly 1.35. Thus the ratio of CHF to peak
heat flux will be approximately three. These figures suggest that a
reasonable margin of safety exists on the design heat flux, due mainly to
the high degree of subcooling that exists. However, the estimate of CHF
represents an extrapolation from conditions which may be inapplicable,
and since the mean design heat flux of 3.18 MW/m is rather high, it
should be subject to experimental verification before any final design
is adopted.

Referring to the sketch at the beginning of this-section, the temperature
rise in the part of the base between the coolant and the lithium is, to a
first approximation,

(k = conductivity of base material)
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Table A2 shows that if zircaloy is used, it will be limited to a thickness
of 1 mm or less. Approximately 5 or 6 mm of either Al alloy or Be would
give an acceptable value for AT. ~ 150 C or less. In addition, there
will be a temperature gradient of 70°C per millimetre in the lithium
layer (k . =45 W/(m»K)). Allowing 1 mm of lithium (sufficient for stopping
the protons) gives a lithium surface temperature of

TT. = T + 150°C + 70°C = 400°C
LI W

if T = 180°C is assumed. The above calculations suggest that, due to the
high heat flux, temperature gradients tend to be large, and even with
careful design, a lithium temperature well above 300 C will result.

Case 3 - Circular Channels

In an attempt to reduce the mean heat flux at the solid-coolant interface,
some preliminary calculations were done with the cooling channels consisting
of two staggered rows of holes drilled in the base, as in the sketch below.

liquid Li "\

O O O O O
o o o o

coolant
channels

base

While this arrangement does reduce the mean heat flux by increasing the
available coolant area, the flow required for complete subcooled convection
will be comparable to Case 1, since the heat flux is very uneven around
the periphery of the tube. The boiling heat transfer calculations would
be more complicated and have not been carried out; however, the mass
flow required would probably be near the values obtained in Case 2.

The above configuration may not yield any heat transfer advantage, since
the increased heat path in the base tends to offset the film temperature
gain. Consequently, lithium temperatures comparable to the first two
cases may be expected and this design would only merit consideration if
it were attractive for other reasons (e.g., strength, ease of fabrication).

Surface Tension of Liquid Lithium

The liquid lithium target will tend to form a drop or drops, due to
surface tension, which will be opposed by the force of gravity tending
to spread it into a thin layer. The actual configuration will depend on
the extent to which the liquid Li "wets" the surface of the base. If
contact is poor, then a drop is formed whose dimensions are scaled to
the capillary length, a = /y/pg , where y is the surface tension of the
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liquid. For water and mercury at room temperature and liquid Li at
400°C,

at, _ = 3 nan, ar, = 2 mm, aT . = 9 mm

Thus lithium,which does not wet the surface,would tend to form droplets
to a considerably greater extent than either water or mercury, and a
wetting agent or flux must be found that will ensure stability of a Li
layer of ~1 mm thickness.
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